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Introduction

36
Assessment of the bioavailability and bioaccumulation of hydrophobic organic contaminants 37 (HOCs) (e.g. polycyclic aromatic hydrocarbons (PAHs), polychlorinated byphenyls (PCBs)) by 38 benthic organisms living in contaminated sediments has generally been undertaken using organisms 39 collected from field sites or by laboratory-based bioaccumulation assays (Moore et al., 2005) . 40
Concentrations of HOCs in sediments show a wide variability due to differences in bioavailability that 41 relate to organism physiology and sediment characteristics (Moore et a sediment corer operated by using a 3 m pole. Sediments were homogenised in the field in a stainless 107 steel container using a stainless steel spoon, and 1-2 kg of sediment transferred to a glass jar, then 108 chilled on ice for transport to the laboratory. Within 24 h of collection, sediments were stored in a cool 109 room at 4ºC, until analysed or used in tests. 110
General methods and reagents
111
All glass and plasticware for chemical analyses were cleaned by soaking in 10% (v/v) HNO 3 112 (BDH, Analytical Reagent grade) for a minimum of 24 h followed by thorough rinsing with Milli-Q 113 water. All glassware used for analyses of HOCs and extraction techniques was cleaned by rinsing with 114 nanograde acetone and dichloromethane (DCM) (Suprasolv, Merck) before use. All glass and 115 plasticware used for bioaccumulation tests was cleaned in a dishwasher (Gallay Scientific Pty Ltd) 116 programmed for a phosphate-free detergent wash (Clean A, Gallay Scientific Pty Ltd), a dilute acid 117 wash (1% HNO 3 ), followed by thorough rinsing with Milli-Q water. Clean sand was prepared by 118 heating sand for 2 h at 400 ºC in muffle furnace to remove volatile organics. 119
Procedures for sediment size fractionation (63 µm sieves), total organic carbon (TOC by high 120 temperature TOC analyser) and speciation of organic carbon into biogenic/diagenetic organic carbon 121 (OC, loss on ignition at 375 ºC) and combustion-derived black carbon (BC, loss on ignition at 1050 ºC) 122 forms have been described previously (Simpson et al., 2006) . Analyses of total petroleum 123 hydrocarbons (TPHs) followed USEPA methods 8260/8015 (USEPA, 1996) . Analyses of PAHs were 124 made by gas chromatography-mass spectrometry (GC-MS) using a 6890N Network GC system 125 benzo(a)pyrene, indeno(1,2,3-cd)pyrene, dibenz(ah)anthracene, and benzo(ghi)perylene). The mass 132 spectrometer was operated under both scan mode (USEPA method 1618) (USEPA, 1996), and selected 133 ion monitoring (SIM) mode (USEPA Method 610) (USEPA, 1996). The sediment and gut fluid mimic 134 (GFM) extracts were analysed both in scan and SIM mode, while the bivalves were only analysed in 135 SIM mode and the XAD-2 extracts were only analysed in scan mode. An internal standard containing 136 d12-chrysene and d12-perylene was spiked into each extract immediately before analyses. 137
Bivalve bioaccumulation tests
138
The bivalves, Tellina deltoidalis, were collected from estuarine sand and mud flats of Lane Cove 139
River, NSW, Australia (King et al., 2004) . Approximately 300 adult bivalves (10-20 mm in length) 140 were collected at low tide from the top 10 cm of sediment using a shovel and a 1 mm mesh stainless 141 steel sieve. The bivalves were placed into plastic containers (16×12×4 cm) with water and a 3 cm 142 thick layer of sediment, collected in situ, and transported to the laboratory. Bivalves were kept in a 143 temperature-controlled laboratory at 21±2 ºC in plastic holding trays (40×30×10 cm, 100 bivalves/tray) 144 containing <1.1 mm sieved sediment to a depth of 3 cm and approximately 5 cm of overlying seawater 145 (30 ‰ salinity). The overlying water in trays was continuously gently aerated and trays were covered 146 with foil to minimise light disturbances to the bivalves. Bivalves were isolated from the holding 147 sediment by gentle sieving through 1.1 mm sieves immediately prior to test commencement. 148
Bivalve bioaccumulation tests were conducted in 1 L glass beakers for 14 d in an environmental 149 chamber (21±1ºC). Each beaker contained 250 g of homogenised sediment, 600 mL seawater and ten 150 bivalves (randomly added). The beakers had acrylic lids to minimise evaporation of seawater and 151
Milli-Q water was added, as necessary, to maintain the seawater at the original volume and salinity. 152
Dissolved oxygen (DO) concentrations were maintained at >85% saturation (monitored daily) by a 153 gentle bubbling the seawater with air. The salinity of 30±1‰ and pH of 8.0 to 8.2 was maintained in 154 the seawater throughout the test. Three times a week ~70% of the seawater was gently removed and 155 replaced with new seawater. Control sediments contained a 50:50 mixture of the silty and sandy 156 control sediments. Replicate tests were conducted on each sediment. 157
The test was terminated after 14 days and the contents of each beaker were sorted until all bivalves 158 (dead or alive) were recovered. Alive bivalves were washed with Milli-Q water and placed in 1 L 159 beakers containing 800 mL of seawater to depurate for 48 h. After 24 h of depuration, the seawater 160 and all visible faecal matter were removed and new seawater added. The soft tissues of the bivalves 161 were shucked with a stainless steel scalpel. The soft tissue was patted dry with tissue paper 162 (Kimwipes, Kimberley Clark), weighed, and stored in the freezer until analysis (within two weeks of 163 test completion). 164
Bivalve lipid and moisture analyses were made in triplicate on three composite samples 165 comprising of ~1 g wet bivalve tissue (20 bivalves) which were dried and ground with sufficient 166 sodium sulfate to obtain a free flowing powder. These were added to a cellulose extraction thimble, 167 Extraction and analysis of PAHs from sediments and bivalves followed the USEPA method 179 3550B (USEPA, 1996) . Wet sediment, equivalent to 2.0 g dry weight, was spiked with d10-180 phenanthrene, then sufficient anhydrous sodium sulfate was mixed with the sediments until the mixture 181 resembled a free flowing powder. This sediment mixture was extracted with 1:1:1 182 acetone:DCM:hexane (Suprasolv, Merck) by sonication for 3 minutes (Sonic disruptor, Branson 450; 183 ½ inch probe, 50% duty cycle). For each sample, sonication extraction was repeated three times and 184 solvent extracts combined into a turbo evaporation tube. The solvent extracts were concentrated to 5.0 185 mL in a solvent concentrator at 45 °C (Turbovap ZW640-3, Zymark) and stored at 4º C until analysis. 186
The frozen soft tissue masses of the bivalves were defrosted, homogenized using a mortar and 187 pestle and, using the method described for the sediment extractions, dried with sodium sulfate, solvent 188 extracted and concentrated to 7 mL. The concentrated extract was centrifuged (5 min at 1500 g) to 189
form a lipid pellet and solvent supernatant. pH 6-7.5 with a potassium phosphate/sodium hydroxide buffer, spiked with d10-phenanthrene, and 198 then shaken on a rotary shaker (100 rpm) for 6 h in the dark at room temperature. The resin, which 199 was less dense than the sediment, was separated from the sediment by centrifuging at 3000 g for 10 200
min. The resin was recovered from the surface by vacuum into a pasture pipette (>95% recovery) and 201 transferred to a centrifuge tube. Sufficient sodium sulfate was added to each XAD-2 resin sample to 202 remove residual water before the PAHs were extracted into 10 mL of DCM in an ultrasonic bath (50 203 Hz) for 30 min. Samples were stored at 4 ºC until analysis. All samples were extracted and analysed 204 separately in triplicate. 205
The GFM method followed that previously described by Voparil et al. The Duck Creek (DC) sediments had finer particle sizes and lower TOC concentrations than the 249 HR sediments (Table 1) . The high TOC of the HR sediments was due to both fine coal and the high oil 250 content of these sediments. There was a significant correlation (p<0.01) between TOC and OC; TOC 251 concentrations of TOC and BC, total-PAH concentrations, or TPHs, nor between, OC and BC (Table  255 1). 256
Toxicity and bioaccumulation of PAH by Tellina deltoidalis
257
The relationship between total-PAH concentrations and bivalve survival was generally poor 258 (Table 2) Survival of the bivalves was 90-100% in the sediments HR 1, 2, 6 and DC 7, 8, 10; however, 265 survival was reduced to 10-40% in sediments HR 3, 4, 5. Although the bivalves burrowed into the DC 266 9 sediment, this sediment was very oily with high TPH concentrations and no bivalves survived the 14-267 day exposure. For the HR 2, 4 and 5 sediments, despite similar total-PAH concentrations (1060, 1240, 268 1070 mg/kg, respectively) and TPH (19700, 10400, 14100 mg/kg) concentrations, bivalve survival was 269 quite different (100, 15, 30%, respectively). These differences could not be accounted for by 270 considerations of organic carbon concentrations (24, 9.9, 24%) or sediment particle size (31, 59, 66% 271
<63 µm). 272
Consistent with the concentrations of PAHs in the HR and DC sediments, the bivalves 273 accumulated greater concentrations of PAHs from the HR sediments than from the DC sediments 274 (Table 2) . However, the greatest bioaccumulation of PAHs by bivalves was measured for the HR 1 275 sediment, despite this sediment having lower PAH concentrations than the other HR sediments. This 276 may, in part, be due to the low TOC (3.4%) when compared to the other HR sediments (9.9-34%), as 277 lower TOC concentrations should contribute to weaker binding of PAHs and increased bioavailability 278 relative to sediments with greater TOC concentrations. 279
Of the total PAHs accumulated by the bivalves, the high-MW PAHs comprised 80±8% 280 (mean±SD, %) of total PAHs in bivalve tissues. Fluoranthene and pyrene comprised 24±19% and 281 27±7% of total-PAHs in bivalve tissues, respectively. This was consistent with the greater 282 concentrations of these PAHs in the sediments, and with a previous study that measured greater 283 concentrations of fluoranthene and pyrene than other PAHs in rock oysters (Saccostrea glomerata 
XAD-2 and GFM extractable PAHs
326
The concentrations of PAHs extracted from the test sediments using the 6-h XAD-2 resin are 327 summarized in Table 4 . As a percentage of PAHs in the sediments, the XAD-2 method generally 328 extracted a greater percentage of low-MW PAHs than high-MW PAHs. There was a significant 329 relationship (p<0.01) between the low-MW PAHs extracted by XAD-2 and those in the sediment (r 2 = 330 0.85) (Figure 2 ), however this relationship was not evident for high-MW PAHs or total-PAHs. Greater 331 concentrations of PAHs were extracted by the XAD-2 method from the HR sediments than from the 332 DC sediments. For the HR sediments, the XAD-2 method extracted (mean±SD, % of the sediment 333 PAH concentration) 18±11%, 14±10%, and 23±11% of the total, high-MW and low-MW PAHs, 334
respectively. Fluoranthene and pyrene comprised 42±6% and 44±4%, respectively, of the high-MW 335
PAHs extracted by the XAD-2 method. This was consistent with the relative amounts of these PAHs 336 measured in the sediments and the PAHs accumulated by the bivalves. Naphthalene comprised 337 28±24% of the low-MW PAHs extracted by the XAD-2 method; however, despite corrections for the 338 naphthalene contamination of the XAD-2 material, the accuracy of the naphthalene data should be 339 considered with suspicion. 340
The GFM also extracted a greater concentration of PAHs from the HR sediments than from the 341 DC sediments (Table 4) The HR 4 sediment had the highest XAD-2 extractable PAH concentrations, indicating that the 363 PAHs in this sediment would be more bioavailable and more likely to be bioaccumulated by the 364 bivalves than PAHs in the other sediments (Table 4) . However, in the bioaccumulation assay, few of 365 the bivalves survived in the HR 4 sediments and the PAH concentration measured in the bivalves were 366 low possibly due to the bivalves not feeding because of the contamination. In sediments that cause 367 toxicity or change organism behaviour, surrogate methods such as XAD-2 may be more useful for 368 assessing potential bioaccumulation than direct bioaccumulation bioassays. 369
Although the GFM extractable PAH concentrations were low, there were reasonable relationships 370 In both HR 3 and HR 4 sediments, reduced survival of the bivalves was observed, which 383 decreased the representativeness of the PAH bioaccumulation data. Sediment HR 3 had the greatest 384 GFM-extractable total-PAH concentration, of which 67% was naphthalene. However, this sediment 385 did not have an unusually high concentration of naphthalene compared to the other sediments 386 (naphthalene concentrations were 52, 130, 280, 160 mg/kg in sediments HR 2, HR 3, HR 4, HR 5). 387
The high GFM extractability of naphthalene for the HR 3 sediment was not consistent with the bivalve 388 bioaccumulation, XAD-2 extraction or sediment PAH analyses. Sediment HR 4 had the highest 389 sediment PAH concentrations and the greatest XAD-2 extractable PAHs, and had the second highest 390 GFM extractable PAH concentration. It is likely that the high concentrations of organic matter, 391 including TPHs and other uncharacterised hydrocarbon fractions (e.g. tars), in the sediments inhibit the 392 extraction of both high-and low-MW PAHs by the GFM and also influence micelle formation and 393 uptake by the bivalve. Extraction of highly contaminated sediments has been shown to lower micelle 394 action, and therefore lower PAH extraction, presumably due to the sorption of the surfactant into the 395 sediment particles (Voparil and Mayer, 2000) . 396
The XAD-2 and GFM extraction results were in contrast to our BSAF results (Table 3) which 397 indicated that the high-MW PAHs were the most bioavailable (as a fraction of total sediment PAHs). 398
The ability of T. deltoidalis to metabolise PAHs is unknown; however, molluscs generally have been 399
found to possess a weak ability to metabolise PAHs (Meador et al., 1995; Meador, 2003) . It is also 400 suspected that high-MW PAHs are metabolised faster than low-MW PAHs, and this would result in 401 lower BSAFs for the high-MW PAHs (Meador, 2003) . Further studies are required to determine 402 which factors most affect the extractability of PAHs from sediments by XAD-2 and GFM techniques 403 and how these measurements relate to BSAFs. 404 Bioaccumulation bioassays usually take weeks to perform (e.g. 10-42 days), making them an 413 expensive component of sediment quality assessments. Consequently, the application of surrogate 414 methods that rapidly determine the bioavailable PAHs in sediments are becoming increasingly popular. 415
Conclusions
Comparisons of the PAHs accumulated by T. deltoidalis, the sediment extractable-PAHs determined 416 using a 6-h XAD-2 resin desorption method and a 4-h gut fluid mimic (GFM) sediment extraction 417 method indicated that these methods required further development before they can be applied routinely 418 as surrogate methods for assessing the bioavailability of PAHs in sediments. 419
The XAD-2 and GFM methods both extracted varying amounts of PAHs from the sediments. 420
Low concentrations of PAHs were extracted by the GFM method (0.2-3.6% of total-PAHs in 421 sediments) and may have been due to the high concentrations of organic carbon and/or oil. The GFM 422 results were inadequate for generalising the bioavailability of the PAHs in the sediments. The XAD-2 423 method extracted greater amounts of PAHs (3-34% of total-PAHs in sediments), however the total-424 PAH concentrations in the sediments provided a better, or equally good, prediction of PAH 425 bioaccumulation by T. deltoidalis. 426
It was anticipated that these surrogate methods could be used in conjunction with, or substitute 427 for, more expensive organism bioaccumulation assays as part of weight-of-evidence assessments. The 428 present study indicates that the XAD-2 and GFM methods require further refinement and future 429 research should be directed towards lowering detection limits for both XAD-2 resin and GFM type 430 extractions and obtaining comparative data for a greater range of sediment types, contaminant classes 431 and concentrations, and organisms of different feeding guilds and gut chemistries. Such methods may 432 also improve our understanding of the different mechanisms of PAH exposure, e.g. bioaccumulation 433
from dissolved (filter feeding, absorption through membranes) or particulate (sediment ingestion) 434 sources. 435
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